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GHG reduction and CCS
Global warming and CO, emmision 4 EKAEHE 5 CO2HE

GLOBAL KYOTO GAS EMISSIONS

+50%

+40%

+30%

+20%

+10%

100%)

1990 LoVel oL o | v o) s sy e i e e

Reduction rate in 2025:
-10% |

31%/5yrs
200 -20%/5yrs
20% ‘ -14%/5yrs

30% Note: reduction rates not

relative to 1990, but to
40% cument (2025) emissions

50%

Relative emissions (1990

60%

T70%

-80%

90%

~100% T T I T T 1 T
1990 2000 2010 2020 2030 2040 2050 2060

2008, IPCC Fourth Assessment Report: 387ppm CO, concentration, global
warming is caused by anthropogenic CO, emission with 90 % of possibilities [1].

2009, IEA World Energy Outlook: limit CO, to 450ppm, 2° C increase [2].

2009, Copenhagen Accord: control temperature increase to 2° C [3].



GHG reduction and CCS
CO, emission abatement & =4 INJk5 CCS-CO2E Ak pg 12
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. CCS industry & transformation (9%)
. CCS power generation (10%)
Nuclear (6%)
Renewables (21%)
Power generation efficiency and fuel switching (7%)
End use fuel switching (11%)
I End use electricity efficiency (12%)
[ End use fuel efficiency (24%)
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O CCS will contribute 3%, 10 % and 19 % at 2020, 2030 and 2050 in the
portfolio of mitigation solutions, respectively [3]. CCSHiA7£2020,20304120504
W5 M DTk 3%, 10% 119 % I HF & A B AN Pk HEFE e &

O IEA report that the total cost of emission abatement by 2050 will increase
70% without implementing CCS [3]. IEAfRE i1 A K CCSH|2050F ik K & 3 F K

Hm70%-.
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GHG reduction and CCS
Carbon Capture and Storage

Mol carDonaton _




GHG reduction and CCS
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Development stages of CCS technologies A CCSH A & & It B

“
wn
=
=) (=
b = E
o = g
- = @ =
Q \(Q - = g 2 =
CCS component CCS technology E = o @ =
i & S = .= -2
= - — = =
= = =D =
= o =}
= & =2 2 =}
[>] w = & o
e £ S & g
2 = £ 2 =
Z S S E &
= =] = = =
Capture Post-combustion X
Pre-combustion X
Oxyfuel combustion X
Industrial separation (natural gas processing, ammonia production) X
Transportation Pipeline X
Shipping X
Geological storage Enhanced Oil Recovery (EOR) XA
Gas or ol fields X
Saline formations X
Enhanced Coal Bed Methane recovery (ECBM) X
Ocean storage Direct injection (dissolution type) X
Direct injection (lake type) X
Mineral carbonation Natural silicate minerals =
Waste materials X
Industrial uses of CO, X

Q CCS is the combination of technologies, individual technology develops
at different stage [4]. CCSEZMEARIIAE, MHFAFRFIEARL T A FTFIBE.
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CCS by mineral carboantion
Foudemtnal chemistry CO, # {f i & A& b % #l

MO+CO, —— MCO; +Heat

M= Calcium, Magnesium, Iron

CSiitioh SMB Olivine
=T 1 |+ Mg,SiO+ 2 CO, —>
\ SiO, +2 MgCO,
Issues: \

Stability of carbonation

. \"'.\ Carbon dioxide
Availability of alkalinity source \Hekimole | \ Carbonate

Reactivity of alkaline materials
Bk I Th A e 1

Bk A B

fil, = B AR e L i

o O O 0 O O
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In-situ and ex-situ

100
Structural &
stratigraphic
trapping ﬁ A,
: 4 € S b
P Resid Llﬂl c{]z | / l Solid wastes Mineral
c trapping 3
._g Industry s
= e
TE Qéi\
= 2 Rsay Mine
g e reclamation | _siini—
= Re-use in construction
g A
& S (Ca, Mg) CO3
£ Solubili soran
rbonati B -
u I ty ca p|:;lon .‘&“ \\‘
trapping Storage @
Power plant Disposal
Generation Sequestration Re-use/Disposal
0

1 10 100 1,000 10,000
Time since injection stops (years)
Two types of mineral carbonation:
0  In-situ mineral carbonation (Underground) JEAHIH b (R
O  Ex-situ Mineral carbonation (Above ground) B4 4 (i B
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CCS by mineral carboantion
Definition

Mineral Carbonation — the chemical fixation of CO, in minerals to form
geologically stable mineral carbonates 18 it 4,27 < N K5 CO, IR A [ b7
A RS RE B R R RS

SerpentinelB 40 f1 Mineral carbonates
) U Construction products
Industrial by- q
products may make — /88regates
=g s TR sustainable BRR £h P
Waste concrete D S0h
I IHIK e Okt

mEEE
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Advantages fli

g

Carbon Capture, Storage and Utilization (CCSU) is more
economical and acceptable than CCS; E4 5 H o TH#%

The leakage risk of geological storage (Recent news about
CO, leakage from Weyburn project, unproven [5] ) and
envrironmental impacts; %A it &% G, 52 /)N

The technology selection in some countries due to lack of
storage formation, such as Finland, Oman and Singapore;

&1 A S EM R EAA T E X, =, W], Hn
B

For small point emission sources; i&& T /N H SR

Potencial profits from by-product, abstract investment
from private shakeholders. /= Z R~ 5, W5 A AP
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Raw material and capacity i # 5 i &

Mg/Ca silicates are abundant and worldwidely available.
Olivine: Mg,SiO, + CO, — 2MgCO; + SiO,

Serpentine: Mg5Si,Os(OH), + 3CO, — 3MgCO;+ 2SiO,+ 2H,0
Wollastonite: CaSiO; +CO, — CaCO; +SiO,

Olivine Sepentine
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+ 1.1000

+ 1000 - 5000

+ 5000 - 10000
o 10000 - 15000
-0 15000 - 50000

I Prospective

(KT COp per year)

Il Highly Prospective

Non-prospective

RCOZ
MgO CaoO FeO Capaci
Material [kg/kg
[wt%] [wt%] [wt%] ty
1
10000
Olivine 45-50 0.1-0.5 6-10 1.8
Gt
Serpenti 10000
38-45 0 5-8 2.3
ne Gt
wollasto
- 35-48 - 3.6 Small

nite
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Raw material
Waste materials K& 7Y

—

| *Steel slag
0 Steel industry —  <AOD process slag

(60-80Mt CO,/y) -Steel converter slag

Lignite fly ash
—  <APC fly ash — 100 Mt CO,/y

*MSWI ash
_ *PF ash

O Energy Sector

\WWaste cement
0 Cement industry Cement dust
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Q

Q

Gas-solid —

Agqueous

—

——

_—

*Single-step

*Multi-step

——

—

*Single-step —

*Multi-step (pH-swing)

—_—

__*With chemicals <

—

‘Without chemicals

_—

*Salts

*Bicarbonate

——

*Acid/base swing
*P/T swing

Chelant
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O Zevenhoven et al., 2008

Step 1: Production of free MgO/Mg(OH),

Step 2: Carbonation of MgO/Mg(OH), to MgCO,

co,
Heat Q, H,0 m
MgO MgCO
Serpentine — ,_/ + Si0, MgO + CO, + Sgioz 3
Serpentine | Mo+ 8I0. 40 |—— . MgCO, —_
1 bar, ~ 600°C ROUTE | > 10 bar, > 500°C
ROUTE NI MgO + H,0 l
+Si0; co, HeatQ
Heat Qd Heat 0,,
Ma(OH),
: MgC
MgO +H,0 + Si0; Mg{OH), + CO, — + SiO?s
— Mg(OH);
1-75bar, P " ':;fo’: :;gc
270 - 450°C L

l I Heat Q¢ l |'

Heat Q, Heat Q,
e @:Qg
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.

Synthesys Gas
Coal Gasification

CO: 65% mol
H2: 25%

N2: 5%

CO2: 1.5%
H20: 2.5%

Heat treatment Water Gas-shift
100 kmol
1500 ° 600 °C
100 kmol
36.5 kmol CO,
1604 kg CO,
Q= 3165 MJ 1192 kg CO,

(2394 kg serpentine <:> Sequestered (71%
converted to olivine) of CO, produced)

Geerling et al., 2007

O Materials: olivine, forsterite, wollastonite, serpentine

O  Particle size: 200 ym

Reactor: slurry bubble column

O CO2 pressure: 1-50bar; total pressure: 1-150 bar
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Rx /Rx(max) !

=]

Bx/Rx{max)!

1.0
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0.5 / /

0.4 / /

03 '

02w

0.1 e

0.0 Y —
0 25 50 75 100 125 150 175 200 225 250

Te mperature, degrees C

e ]I 1€ =il 0 |lastONit ¢ =gy HT serpentine

1.0~

0.9 -; E

0.8

0.7

0.6

0.5

0.4 1

0.3 /

0.2 (

0.1

0.0

0 25 50 75 100 125 150 175 200 225 250
PCO2, atm
et 0liVine e=filf==vi0llastonite ==fp==HT serpentine

TABLE 1. Optimum Carbonation Conditions, by Mineral
carbonation conditions
mineral T,°C  Pgo, atm carrier solution
olivine 185 150 0.64 M NaHCO4, 1 M NaCl

wollastonite 100 40 distilled water
HT serpentine 155 1156 0.64 M NaHCOz, 1 M NaCl

Gerdemann et al. and O’'Conor 2007

a

Grinding to < 75 pm

Rx= extent of reaction in 1 h,
Rx(max)= maximum extent of
reactionin 1 h

Olivine: 49.5%
Wollastonite: 81.8%
HT serpentine: 73.5%



N ErRteL i
Aqueous route Single-step— P i #H1%
1) CO,(g) + H,O (I) - HCOj5 (aq) + H* (aq) ‘m-

2) CaSiO, (s) + 2 H*(aq) — Ca®* (aq) + SIO, (s) + H,0 (1)
3) Ca®* (aq) + HCO5 (aq) — CaCOs, (s) + H* (aq)

Steel slag
2 160 - \
=)
E 120
©
O 80 - X
=
o
B 40 - _
é“ Wollastonite Huijgen et al., 2005

0 1 T T T 1 - .
o5 25 125 175 5o Q  Materials: steel slag and
T [°C] wollastonite

O  Particle size: <38 ym; <106 um;

d <106 um, pee> = 20 bar
<500 um
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Dissolution
- 1% vol. Ortoposphoric acid

- 0.9% wt Oxalic acid

Product 1

» Undissolved solids

- 0.1% wt. EDTA

- internal grinding (2mm
glass beads)-T=70°C

Ma- and Fe- rich solution

k

(rich in SiO, content)

NH,OH  CO,(1atm)

I

NH,OH Precipitation

Precipitation

pH=8.6 pH=9.5
l Product 2 lw
Iron oxide MgCO,*3H,0

Q

Park and Fan, 2005
pH swing
Material: serpentine

Slurry fluidized bed
reactor

Particle size: 100-500
um

Step 1: dissolution with
weak acid

Step 2; precipitation of
iron oxide

Step 3: precipitation of
MgCOs,
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Aqueous route Multi-stepZ R AHTE

Maroto-Valer et al., 2004;2005
O Materials: olivine, serpentine; 70-150 um
O  Step 1: chemical activation with an acid: T=15-75 ° C; 3-12 h
Mg,Si,O:(OH), + 3H,SO, — 3MgSO, + 5H,0 +2Si0,
O  Step 2a: use of base (KOH, NaOH, NaHCO3, Acetates, pH=7-14)
MgSO, + 2NaOH — Mg(OH), + Na,SO,
O  Step 2b: addition of Ca(NO,),
MgSO, + Ca(NO,), + 2H,0 — CaS0,*2H,0 + Mg(NO,),
Mg(NO;), + Ca(OH), — Mg(OH), + Ca(NO,),
O  Step 3: Mg carbonate precipitation
Mg(OH), + CO, — MgCO; +H,0
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Aqueous route Multi-stepZ 2 AHTE

Blencoe et al., 2004
o Step 1: Mg,SiO, + 2NaOH + H,0 — 2Mg(OH), | + Na,SiO,
O Step 2: Na,SiO; + 2 CO, + H,0 — 2NaHCO, + SiO, |

O Step 3: 2Mg(OH), + 2NaHCO, — 2MgCO; | + 2NaOH + 2 H,0O

o Particle size: 100 um
= Pressure: slightly below vapor pressure of water (Step 1)

10-30 bar above vapor pressure of water at the operating T
(Step 2/3)
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Aqueous route Multi-stepZ 2 AHTE

Gorset et al., 2007 e

O  Material: olivine 1—
0 Pressure /Temperature swing o > R1s
O No chemicals addition |
O R1: dissolution ‘ . _—L{——:j
pH:31-750P0:5é)-150 bar / T=100- i L& ]
0 R2: MgCO3 precipitation corHo | sio; oG5,
pH>> P=50-80 bar / T =140-250

° C R3
O R3: SIO2 precipitation - R3s
T lower than in R2 S e =
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Aqueous route Multi-step

%

CH,CO0H
Extraction 1 Separation Carbonation Separation
CH,CO0H =
CasiO, + 2CH,CO0H == Ca” +2CH,CO0 + CO, + H,0=>
Ca”™ + 2CH,CO0 +H,0 + Si0, CaCO, .+ 2CH,CO0H
CaSi0), =—
Si0, Co, CaCoO,

Teir et al., 2007
O  Material: wollastonite and steel slag

O Temperature: 70 ° C (dissolution); 30 ° C
(Carbonation)
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Aqueous route - Heat activation # b

% OH T Activation
0% \_L.LMLJ.M 1100 °C McKelvy et al., 2004
1% \\___________,_‘m_.
N N ::;’: O Thermal treatment of
o N - serpentine
® 105 .
5% | S @15 0 Amorphous meta-serpentine
8% | N 680 °C is formed

o, \\;’_’____L . 100 °C 1
10 % 650 °C O  Serpentine shows no

5%\ @ reaction up to 185 ° C
s | St @ 10 e O 650 ° C 10% Hydroxide

residual
75 % 550 oC .
° O 1100 ° C serpentine change
185 °C . .
100 % 20 oG to olivine totally

0 10 20 30 40 5 80 TO

2 Theta (degrees)
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Aqueous route - Chemical activation k22305

1+

0.95

0.96

0.94

0.92

0.9

0.88

0.86

AN
ANAN

AN\,
N

e 15M

«— | M

\ e —
100 200 300 400 500 600 700 800
Temperature, 'C
25
& *

20 ¥
5¢
22 15 £
=

F-]
o] 10 ¥
= .
52 5
.
i)
3 L) L] G T

2. Water Bemoval

900

Alexander et al., 2007
Serpentien from Cedar Hills quarry
O  Activation with sulfuric acid

1. loss of adcorbed water

e 2. losss of crystallized water

3. loss of OH groups

O Reduction of water content is
correlated with Mg extraction
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CCSM research in CERI BB EM T %

MHz*H.O
NH-*H-0 Flue gas CO. Capture Cleangas .
P— - = Agueous Cooling Water
ammonia |[*
NH,HCO; NH.*H.0 I
Filtrate 1: MHs (g) + water vapour
Agquecus v Filtrate 2: Filtrate 3:
. | Mg30., Removal of Aqueous Precipitation Agueous Regeneration NHLHSO
Serpentine Vinera (NH.):50., impurities and | Mg504 of magnesium (NH,):50. of additives c
——# dissclution ——————™ » (Product 4:
adjust pH carbonates roduct 4:
(NH.):50,)
Iy
Product 1: Broduct 2 Product 3:
E.rr.mrphDUE NH.HSO. mohrite, hydromagnesite Heat
silicon, goethite
residual
serpentine v

CCSM process with recyclable ammonium salts |
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Dissolution

 High dissolution efficiency using
ammonium bisulfate;

 Effect of T, t, p, con. and S/L;

 Rate limiting mechanism:
Chemical reaction control and
product layer diffusion control.

——Mg(70C)
90 Mg(80C)
-=-Mg(90C)

Mg (100C)

0 15 30 45 e0 75 90 105 120 135 150 165 180

Reaction time (mins)

Carbonation
« High conversion and fast rate;
* The effect of Mg:NH,HCO,:NH; ratio;

sImprove carbonation by adding of
NH,.

 Multi-products: Sirich residue, Fe
rich residue and hydromagnesite.

~100
=— Mg con. =0
8000 Ju—=—m—m A Temp.
- ®—pH
| | 2 A A A
| A -85
= \ - 80
S 6000 \
\
E ° i
= | 2
£ 4000 e E B
8 - ) LN 60 g_
< 3 n L
8 3 “\l ° e
- e
o A o \ L4
o K
= 2000 N X 7.5
A L b ¢
| .
- B 40
ot T T T 7T L7.0
0 10 20 30 40 50 60 70 80 9 100

Time (min)
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CCSM products # {47= i

Products Purity Market size Applications Value
>97% (CaCO, Filler and coating pigment in plastics, 145-402 US$/t
PCC 13 Mt
%) rubbers , paints and papers (fine grade)
paper industry, cement industry, civil
200-1200 US$/t
Magnesite or >90% (MgCO, engineering and production of fire retardant,
18.3 Mt (technical grade-
hydromagnesite %) a reinforcing agent in rubber, a drying agent,
pharma grade)
a laxative, supplement in food
10-134 £/t (grain-
electronic, automotive, chemical, and
Silica 82-88% (SiO,) 112 Mt fine ground
ceramic industries
grade)
219-235 US$/t
1.4 Mt (pigment)
iron industry and the manufacture of (pigment)
Iron oxide 24-36% (FeO) 1414 Mt (crude
pigments 2.12 US$/t (iron

steel production)

ore)




ay N R
.%’ L RE A S RE R TR

HUANENG CLEAN ENERGY RESEARCH INSTITUTE

CCSM projects H {tE 1710 H

Projects:

Q

Q
Q
Q

Skymine project, funded by DOE, 2.5 M$ in July2010
Calera project, funded by DOE, 1.9 M$ in July 2010
Alcoa project, funded by DOE, 1.1 M$ in July 2010
ETI project (Caterpillar, Shell and Forster Wheeler)

Funded research project:

Q

Q

Q

Newcastle University, AU, 9 M $, 2011-2015
Abo University, Finland, 2 M Euro, 2010-2013
Huanneg Clean Energy Research Insitute, 2.5 M RMB, 2013-2014
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Pro:

CO, stored in a safe manner
A4

CO, storage potential
basically unlimited fi& &K

Ca-silicates/residues
carbonation at relatively
mild conditions J&f14& 1t

cons:

-Energy penalty and associated cost
still too high #¥EgE, A

-Mg-silicate carbonation needs energy
intensive pre-treatment

AL
-Lack of demonstration units &= /R0

Future development
a)Dissolution and precipitation steps handling and coupling i 1A fEITIE

b) single-step: methods to match proper dissolution and precipitation
-More fundamental study on dissolution and precipitation 5 £ Zal#Hf 57T

c) Two-steps: methods for switching conditions and the issue of
chemicals recycle pH{E #¥# UL KAk 223X 75 34 ] H
- Investigation on new routes with new catalyst { F#E1b 75 T2 i 2k
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